Due to continuous changes to its antigenic regions, influenza viruses can evade immune detection and cause a significant amount of morbidity and mortality around the world. Influenza vaccinations can protect against disease but must be annually reformulated to match the current circulating strains. In the development of a broad-spectrum influenza vaccine, the elucidation of conserved epitopes is paramount. To this end, we designed an immunization strategy in mice to boost the humoral response against conserved regions of the hemagglutinin (HA) glycoprotein. Of note, generation and identification of broadly neutralizing antibodies that target group 2 HAs are rare and thus far have yielded only a few monoclonal antibodies (MAbs). Here, we demonstrate that mouse MAb 9H10 has broad and potent in vitro neutralizing activity against H3 and H10 group 2 influenza A subtypes. In the mouse model, MAb 9H10 protects mice against two divergent mouse-adapted H3N2 strains, in both pre-and postexposure administration regimens. In vitro and cell-free assays suggest that MAb 9H10 inhibits viral replication by blocking HA-dependent fusion of the viral and endosomal membranes early in the replication cycle and by disrupting viral particle egress in the late stage of infection. Interestingly, electron microscopy reconstructions of MAb 9H10 bound to the HA reveal that it binds a similar binding footprint to MAbs CR8020 and CR8043.
IMPORTANCE
The influenza hemagglutinin is the major antigenic target of the humoral immune response. However, due to continuous antigenic changes that occur on the surface of this glycoprotein, influenza viruses can escape the immune system and cause significant disease to the host. Toward the development of broad-spectrum therapeutics and vaccines against influenza virus, elucidation of conserved regions of influenza viruses is crucial. Thus, defining these types of epitopes through the generation and characterization of broadly neutralizing monoclonal antibodies (MAbs) can greatly assist others in highlighting conserved regions of hemagglutinin. Here, we demonstrate that MAb 9H10 that targets the hemagglutinin stalk has broadly neutralizing activity against group 2 influenza A viruses in vitro and in vivo. I nfluenza is a highly infectious respiratory disease that remains a public health problem worldwide. Seasonal influenza epidemics cause on average 3 to 5 million cases of severe illness and up to 250,000 to 500,000 deaths annually (1) . In addition, sporadic zoonotic transmissions from avian or swine species are always a cause for concern.
Vaccination affords the best preexposure protection against influenza virus infection, although the vaccine must be annually reformulated to match the predicted circulating strains (2, 3) . In the case of postexposure therapy, M2 ion channel blockers (e.g., amantadine and rimantadine) and neuraminidase inhibitors (i.e., oseltamivir and zanamivir) can be used as antiviral therapies. However, the emergence of resistant influenza A viruses quickly obviates the value of antiviral drugs, as in the case of the adamantane class of molecules (4) . Thus, there is a need to develop better vaccines and antiviral compounds to combat influenza virus infections, while accommodating antigenic drifts and/or shifts.
The antibody response against hemagglutinin (HA), the major surface glycoprotein on influenza viruses, is an indispensable component in the overall immune response to influenza A virus. In fact, antibodies generated against the HA are the major metric by which immunity to influenza is measured and they fall into two basic categories: globular-and stalk-directed antibodies. Antibod-ies that possess hemagglutination-inhibiting (HAI) activity elicited against the globular domain during natural infection or vaccination is widely accepted as a correlate of protection against influenza (5, 6) . However, due to the high mutability (antigenic drift) of the globular head region, HAI-active antibodies typically neutralize only closely related strains, although recent reports have shown that the HA receptor binding site can be more broadly recognized (7) (8) (9) (10) (11) (12) (13) . In contrast, a smaller proportion of the antibodies elicited is directed against the membrane proximal stalk region of the HA. Due to its role in facilitating the fusion of the viral and endosomal membranes, which subsequently releases the viral ribonucleoprotein (RNP) into the cytosol, the stalk is less susceptible to mutations and is relatively conserved across the divergent subtypes. Thus, stalk-directed antibodies are capable of neutralizing diverse influenza viruses (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) .
There are currently 18 known influenza A subtypes that can be divided into two major phylogenetic groups. The majority of the stalk-directed broadly neutralizing monoclonal antibodies (MAbs) that have been isolated and characterized to date bind and neutralize group 1 influenza A viruses (i.e., H1, H2, and H5 subtypes) (14) (15) (16) (17) (18) (19) (20) (21) , while only a few MAbs recognize group 2 influenza A viruses (e.g., H3, H7, and H10 subtypes) (22) (23) (24) . Of note, human MAb FI6v3 was described to bind group 1 and 2 influenza A viruses (25) , whereas human MAb CR9114 was found to bind to influenza A and B viruses (26) . The mouse MAb 12D1 was the first antibody described to have pan-H3 binding and neutralizing activity and its epitope has been mapped to the N terminus of the long ␣-helix of the stalk domain (24) . Others, such as CR8020 and CR8043, have been subsequently isolated from humans with broader binding and neutralizing profiles, revealing conserved epitopes at the base of the HA stalk common to group 2 HAs (22, 23) . The discovery that broadly neutralizing antibodies against the HA can be isolated from both humans and mice reveal the presence of highly conserved epitopes in the stalk region of HA. Such broadly neutralizing antibodies have potential therapeutic value in high-risk groups, which include infants, the elderly, and immunocompromised patients. Moreover, analyses of these conserved epitopes may ultimately assist in the development of broad-spectrum influenza virus vaccines.
Thus, in order to identify other conserved epitopes in the H3 HA stalk, we utilized a similar strategy to boost the antibody response toward the HA stalk region (24, 27) . A mouse was sequentially immunized with sublethal doses of three divergent H3N2 influenza A viruses and screened for reactivity against divergent H3 HAs. Here, we report the discovery of mouse MAb 9H10, which has broad neutralizing activity against group 2 influenza viruses.
MATERIALS AND METHODS

Cells, viruses, and purified viral proteins.
Madin-Darby canine kidney (MDCK) and human embryonic kidney (HEK) 293T cells were maintained in Dulbecco Modification of Eagle Medium (DMEM; Mediatech, Inc.) supplemented with 10% fetal bovine serum (Invitrogen, Inc.) and penicillin (100 U/ml)-streptomycin (100 g/ml). The following viruses were grown in 10-day-old specific-pathogen-free (SPF) embryonated chicken eggs (Charles River Laboratories, Inc (24, 27) with some modifications described below. A 6-to 8-week-old female BALB/c mouse (Jackson Laboratories, Inc.) was sequentially infected intranasally with 100,000 PFU of rPhil/82, Vic/11, and HK/68 viruses in 3-week intervals, followed by an intraperitoneal boost of a purified preparation (100 g) of Perth/09 virus supplemented with 5 g of R848 (Invivogen, Inc.) 3 weeks after the last immunization. Three days after the boost, the mouse was sacrificed, the spleen harvested and dissociated with a 10-ml 20-gauge needle into a single cell suspension in serum-free 1ϫ DMEM. Splenocytes and SP2/0 myeloma cells (in log phase) were combined in a 5:1 ratio, and fusion was performed using polyethylene glycol (MW 1450 Hybri-Max; SigmaAldrich, Inc.). Fused cells were initially grown in nonselective full medium for 24 h, subsequently reconstituted in a methylcellulose-based hybridoma selection and cloning medium containing hypoxanthine, aminopterin, and thymidine (ClonaCell-HY Medium D; Stemcell, Inc.), and then grown for 10 to 12 days. Each cell colony was picked using a pipette tip, transferred onto a well in a 96-well plate containing 100 l of hybridoma growth medium containing hypoxanthine and thymidine (Clona-Cell-HY Medium E; Stemcell, Inc.), and further grown for 3 to 4 days. Supernatants from ϳ2,000 individual colonies were initially screened by enzyme-linked immunosorbent assay (ELISA) using baculovirus-expressed HAs of HK/68 and later rescreened by immunostaining on MDCK cells infected with Vic/11 cells as previously described (27) .
Supernatant from hybridoma cultures producing MAb was harvested, clarified by low-speed centrifugation (30 min at 200 ϫ g), and passed through a 0.22-m-pore-size sterile filtration unit. The filtered supernatant was passed through a gravity flow column containing protein G-Sepharose 4 Fast Flow (GE Healthcare), washed with 150 ml of sterile 1ϫ phosphate-buffered solution (PBS), and eluted with 45 ml of 0.1 M glycine-HCl (pH 2.9). The eluate was immediately neutralized with 5 ml of 2 M Tris-HCl buffer (pH 10). The antibody was concentrated using Amicon Ultra centrifugal filter units (30-kDa MWCO; Millipore, Inc.). MAb concentrations were quantified by using a NanoDrop apparatus with the extinction coefficient of 1.4. CR8020 variable kappa light chain (GenBank accession no. JN093123.1) and heavy chain (GenBank accession no. JN093122.1) sequences were cloned into pFUSE2ss-CLIg-mK (Invivogen, Inc.) and pFUSE-CHIg-mG2a (Invivogen, Inc.), respectively. The MAb was produced recombinantly through transient transfection of 293Freestyle cells (Life Technologies, Inc.) of the corresponding heavy-and light-chain pFUSE plasmids with Polyethylenimine Max (Polysciences, Inc.). Cultures were spun down, and the supernatant was harvested at 6 days posttransfection and purified via a Protein G column (Millipore, Inc.). MAbs were concentrated with Amicon 30,000 MW filters (Millipore, Inc.). Purity was monitored under reducing/denaturing and nonreducing/nondenaturing conditions. Purified antibody was quantified as described above.
ELISA. Binding affinity of antibodies as determined by ELISA was previously described (27) . Nunc Maxisorp 96-well plates were coated with 50 l of purified baculovirus-expressed protein (2.5 g/ml) or virus preparation (5 g/ml) overnight at 4°C. After incubation, plates were washed twice with 0.1% Tween 20 -1ϫ PBS (TPBS) and blocked with 5% nonfat (NF) milk-1ϫ PBS for 30 min at room temperature. Hybridoma supernatants or antibodies were incubated for 2 h at room temperature and washed thrice with 0.1% TPBS, and 100 l of a goat anti-mouse IgG ␥ chain-specific antibody conjugated to horseradish peroxidase (HRP; Millipore, Inc.) was added at a dilution of 1:5,000. Plates were incubated at 37°C for 1 h and washed another three times with 0.1% TPBS before the addition of 100 l of a soluble substrate, o-phenylenediamine dihydrochloride (Sigma-Aldrich, Inc.). The plates were read at 450 nm. All antibodies were diluted in 1% bovine serum albumin (BSA)-1ϫ PBS. The mouse MAbs 12D1 (pan-H3) (24) and E10 (anti-M2; Center for Therapeutic Antibody Development at Icahn School of Medicine at Mount Sinai [CTAD]) were used as positive controls, while 6F12 (pan-H1) (27) and an anti-ankyrin antibody (ANK; CTAD) were used as negative controls. A nonlinear regression curve was generated using GraphPad Prism 4.0, and the 50% effective dose was calculated from the nonlinear curve.
pH-induced conformational change ELISA. Nunc Maxisorp 96-well plates were coated with purified preparations of HK/68 virus (5 g/ml) overnight at 4°C. Plates were washed with 1ϫ PBS twice and then incubated with appropriate pH-buffered solutions (15 mM citric acid, 150 mM NaCl; pH 7.0, 5.2, 5.0, 4.2, and 4.0) for 30 min at room temperature and then washed again with 1ϫ PBS. Thereafter, a standard ELISA protocol was followed as described above. K d determination. K d (dissociation constant) values were determined by biolayer interferometry (BLI) using an Octet RED instrument (Forte-Bio, Inc.), as described below. Biotinylated HAs were loaded onto streptavidin-coated biosensors in 1ϫ kinetics buffer (1ϫ PBS [pH 7.4], 0.01% BSA, 0.002% Tween 20) for 180 s. For the measurement of k on , the association of 9H10 Fab was measured for 180 s by exposing the sensors to four to six concentrations of Fab in 1ϫ kinetics buffer. For the measurement of k off , the dissociation of 9H10 Fab was measured for 180 s in 1ϫ kinetics buffer. Experiments were performed at 30°C. The ratio of k off to k on determines the K d .
Structure determination by negative-stain transmission electron microscopy (EM). Single-particle observations of HK/68 HA complexed with 9H10 Fab were used to compute volume maps as follows. Carbon-coated 400-mesh copper grids were glow-discharged with a Gatan Solaris plasma cleaner, treated with freshly diluted complexes, and negatively stained (2% uranyl formate). Micrographs were acquired at ϫ52,000 magnification on a Tecnai Spirit (accelerating voltage of 120 kV) with Leginon automation software (30) . A Tietz charge-coupled device camera was used to acquire 283 micrographs (4,096 ϫ 4,096 pixels, 2.05 Å/pixel) at an applied defocus of Ϫ1 m. Single particles were automatically identified by using a difference-of-Gaussians algorithm implemented in the Appion package (31) and were analyzed in 64 ϫ 64 pixel boxes after binning by a factor of 3. Reference-free class averages were derived from CL2D (32) and ISAC (33) and were manually edited to exclude noisy class averages. Initial volumes were calculated using the common lines algorithm in EMAN2 (34) . Volumes were refined with the Sparx "ali3d.py" function (35) . The final volume map was calculated from 4,791 particles with C3 symmetry applied. The map was interpreted with a homology model of Fab 9H10 (built with Swiss-Model [36] ) using UCSF-Chimera (37) . The correct enantiomorph was determined through consistency with the binding data (Table 1 ; see also Fig. 4A ). Representative class averages and the resolution estimation by Fourier shell correlation (24.6 Å) are described in Fig. 4B and C. The volume map has been deposited as EMD-6077.
RBC fusion assay. The red blood cell (RBC) fusion assay was performed as described previously (24) . Briefly, 100 l of 2% turkey RBCs and 100 l of Perth/09 virus were incubated on ice for 30 min. MAb 9H10 (at 100, 20, or 4 g/ml) or a control IgG (ANK) was then added to the mixtures. The samples were spun down at 4,000 ϫ g for 3 min, and the supernatant was aspirated. Next, 200 l of a buffered solution (15 mM citric acid [pH 5.0], 150 mM NaCl) was added, and the mixture was incubated at 37°C for 30 min. The samples were spun at 4,000 ϫ g, and the supernatant was harvested. Lysis of RBCs was measured by the presence of The binding affinity of MAb 9H10 with a panel of group 2 HA and HK/68 HA variants was measured by BLI. All numbered residues indicated are located in the HA2 region. Residues that differ from the group 2 consensus sequence are in highlighted in gray boxes. NADPH (i.e., the optical density at 340 nm) in the supernatant released by lysed RBCs.
Egress assay. MDCK cells were first infected with a multiplicity of infection (MOI) of 5 of HK/68 or rVN/04. At 4 h postinfection, MAb 9H10 or control IgG (ANK) was added to the culture. At 8 h postinfection, supernatants from the cultures were harvested and spun down at 180 ϫ g for 5 min to pellet the cellular debris. Nascent virus in the supernatant was assessed by using a hemagglutination assay as previously described (38) .
Immunofluorescence. MDCK cells were infected at an MOI of 3 to 5 with HK/68, Scot/74, AL/81, BJ/92, Bris/07, Vic/11, rVN/04, SH/13, cH5/3, or cH7/3 for 12 to 16 h in the absence of trypsin. Cells were fixed with 0.5% paraformaldehyde (PFA)-1ϫ PBS for 30 min at room temperature and blocked with 5% NF milk for an additional 30 min at room temperature. MAbs were diluted in 5% NF milk-1ϫ PBS and then incubated at room temperature for 2 h at a final concentration of 5 g/ml. The plates were then washed thrice with 1ϫ PBS. A goat anti-mouse antibody conjugated to Alexa Fluor 488 (2 mg/ml; Life Technologies, Inc.) was used as a secondary antibody (1:1,000 in 5% NF-milk), followed by incubation at room temperature for 1 h. Images were taken by using an EVOS XL cell imaging system (Life Technologies, Inc.).
PRNA. A modified plaque reduction neutralization assay (PRNA) was described previously (24, 27) . Briefly, dilutions (100 to 0.032 g/ml) of antibodies were first preincubated with 80 to 100 PFU of virus for 1 h at room temperature on a shaker. The mixture was then used to infect a monolayer of MDCK cells in duplicate in a six-well plate format, followed by incubation at 37°C for 40 min with intermittent rocking. The agar overlay was supplemented with corresponding MAb dilutions. At 2 days postinfection (dpi), the monolayer was fixed with 4% PFA-1ϫ PBS for 30 min and permeabilized with 0.5% Triton X-100 for 20 min. Cells were blocked with 5% NF milk-1ϫ PBS for 30 min at room temperature, followed by incubation with polyclonal sera (1:500) or with 12D1 (5 g/ ml) for 1 h at room temperature. A goat anti-mouse IgG ␥ chain-specific antibody conjugated to HRP (Millipore, Inc.) was used as a secondary antibody, and plaques were subsequently visualized using TrueBlue peroxidase substrate (KPL, Inc.). A nonlinear curve was generated with GraphPad Prism 4.0, and the 50% inhibitory concentration (IC 50 ) was calculated from the curve.
Generation of in vitro escape mutants. Escape mutations were generated as previously described (27) . Briefly, Scot/74 or Vic/11 virus was passaged 10 times (virus was passaged 1:10 to 1:100 every 2 days) on MDCK cells in 1ϫ minimal essential medium, supplemented with 1 g of TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-treated trypsin/ ml. Infection was started with an MOI of 0.1, and the concentration of MAb 9H10 was incrementally increased from 1 to 100 g/ml from passages 1 to 10. Escape mutant cultures were performed in duplicate, and cultures with no antibodies were cultured in parallel to control for cellspecific adaptations. After the tenth passage, viral RNA was isolated, and the HA segment was sequenced from plaque-purified viruses. Ten sequences from Vic/11 and six sequences from Scot/74 escape cultures were sequenced and analyzed against wild-type sequences from the no-antibody control group. The HA segments were then cloned into a pCAGGS expression vector and used to transfect 293T cells. At 24 h posttransfection, the cells were fixed with 0.5% paraformaldehyde and blocked with 5% NF milk. MAbs 9H10, CR8020, and 6F12 were used at a concentration of 5 g/ml, and a goat anti-mouse antibody conjugated to 488 (2 mg/ml; Millipore, Inc.) was used as a secondary antibody. Hyperimmune serum (diluted to 1:1,000) was used as a positive control. Immunofluorescence was used to determine MAb 9H10 binding as described above.
Animal studies. To assess the efficacy of MAb 9H10 in a preexposure regimen, 6-to 8-week-old female BALB/c mice (Jackson Laboratories, Inc.) were treated intraperitoneally with MAb 9H10 at 0.56, 1.67, 5, or 15 mg/kg or a mouse control IgG (ANK) at 15 mg/kg 2 h prior to an intranasal challenge of five 50% mouse lethal doses (mLD 50 ) of X-31 or X-79 virus. To assess the therapeutic efficacy, mice were initially challenged with five mLD 50 of either X-31 or X-79 and were then administered 20 mg/kg of MAb 9H10 at 2, 3, 4, or 5 days postchallenge. All mice were monitored daily, and their weights were recorded until the end of a 2-week observation period. Death was defined as 25% body weight loss, and this threshold was used in both the pre-and postexposure experiments. All of the animal studies were conducted with the approval of the Icahn School of Medicine at Mount Sinai Institutional Animal Care and Use Committee (IACUC) protocol.
To determine viral load in the lungs, mice treated with 15 mg/kg of either MAb 9H10 or control IgG (ANK) were sacrificed at 3 and 6 dpi. Their lungs were harvested and homogenized (Fastprep-24; MP Biomedical) in 1 ml of 1ϫ PBS. The lung homogenates were spun at 16,000 ϫ g for 15 min to pellet tissue debris, and the supernatants were collected. Samples were stored at Ϫ80°C until titered by a plaque assay as previously described (27) . GraphPad was used to calculate statistical significance between groups using a two-way analysis of variance analysis. A P value of Ͻ0.0001 (see Fig. 8 ) was considered statistically significant.
RESULTS
Generation of a stalk pan-H3 and H10 mouse MAb.
We have previously reported on a pan-H3 HA MAb, 12D1, of which the epitope was mapped to near the N terminus of the long ␣-helix region of the stalk domain of HA (24) . In the interest of elucidating conserved epitopes on the group 2 HA, we sought to generate MAbs against the conserved regions of the H3 HA stalk by using a strategy similar to one we had utilized previously (24, 27) . In the present study, a mouse was sequentially immunized with sublethal doses of three divergent H3N2 viruses-rPhil/82, Vic/11, and HK/ 68 -spanning 43 years. Hybridomas were initially screened against a purified preparation of baculovirus-expressed HK/68 HA and subsequently screened against Vic/11-infected MDCK cells.
Of the 2,000 hybridoma cells that were screened, we identified one hybridoma, 9H10, that secreted an antibody that bound to both the purified preparation of HK/68 HA protein and Vic/11infected MDCK cells. To assess the breadth of binding that MAb 9H10 has for H3 HAs, we examined binding against a large panel of baculovirus-expressed HAs by ELISA ( Fig. 1) and biolayer interferometry (BLI; Table 1 ). MAb 9H10 bound to all H3 HAs tested with high affinity, accommodating 48 years of antigenic drift from avian (1963) to human (1968 to 2011) H3 HAs ( Fig. 1 and Table 1 ). We next wanted to determine whether MAb 9H10 would also bind to other group 2 influenza A virus subtypes ( Fig.  2A to 2E and Table 1 ). Of the group 2 subtypes tested, MAb 9H10 bound only to H10 HAs ( Fig. 2C and Table 1 ) with no detectable binding to H4 ( Fig. 2A) , H7 (Fig. 2B) , H14 (Fig. 2D ), and H15 ( Fig. 2E ) HAs at 100 g/ml. As expected, MAb 9H10 did not bind any HAs from group 1 (Fig. 2F to H and Table 1 ).
Because partial denaturation may occur when proteins are coated onto hydrophobic surfaces of ELISA plates, we assessed MAb 9H10 binding to native HA expressed on the surfaces of infected cells. We infected MDCK cells with different viruses at an MOI of 3 to 5 overnight (ϳ12 to 16 h) in the absence of trypsin to limit viral replication to a single cycle. The monolayers of MDCK cells were fixed with 0.5% paraformaldehyde without permeabilization. Immunofluorescence was then used to visualize binding of MAb 9H10 (at 5 g/ml). We observed that MAb 9H10 bound evenly across the surface with no punctate staining on all H3-and H10-infected MDCK cells we tested, which suggested expression of HA glycoproteins on the cell surface ( Fig. 3) . However, no binding was seen on H7 (rSH/13)-and H5 (rVN/04)-infected cells (Fig. 3, bottom row) , a finding consistent with the ELISA and BLI binding studies.
To determine whether MAb 9H10 targets the HA stalk, we utilized recombinant influenza A viruses expressing chimeric HAs. The modular structure of chimeric HAs allows for the combinations of globular head domains and the stalk regions from different strains and/or subtypes of influenza viruses (39) , which subsequently enables identification of head-or stalk-directed antibodies (40) . MAb 9H10 bound to both cH5/3 (chimeric H5 head with H3 stalk)-and cH7/3 (chimeric H7 head with H3 stalk)infected cells, suggesting that the antibody binds the HA stalk (Fig.  3, bottom row) . Moreover, MAb 9H10 competes with the antistalk MAb CR8043 for binding to the HA but not with the antihead MAb F045-092 (13) (Fig. 4A ). Finally, a negative-stain electron microscopy (EM) reconstruction of the 9H10 Fab in complex with HK/68 (H3) HA revealed that the antibody binds at the base of the HA stalk ( Fig. 4B to D) .
MAb 9H10 has broadly neutralizing activity against H3 and H10 viruses. We next evaluated whether broad reactivity would correlate to broad neutralizing activity. Since stalk antibodies do not have HAI activity (23, 27) , we investigated neutralization by using a plaque reduction neutralization assay. We show that MAb 9H10 neutralized 10 H3N2 viruses representing a span of 43 years with various efficacies, as well as one H10 virus ( Table 2 ). In agreement with the binding studies, MAb 9H10 did not neutralize H1, H4, H5, and H7 viruses.
MAb 9H10 binding specificities and structural comparison to CR8020 and CR8043. To map the epitope of MAb 9H10, we tested the binding of the antibody to a series of HA mutants that encompass natural variations, as well as escape mutants for the previously characterized human stalk MAbs CR8020 and CR8043 (22, 23) . The mutants that abrogated binding by MAb 9H10 were FIG 1 MAb 9H10 is a pan-H3 HA antibody. ELISA plates were coated with 50 l of purified baculovirus-expressed HA (2.5 g/ml) and incubated overnight at 4°C. MAb 9H10 (starting at 100 g/ml) was diluted 3-fold and incubated at room temperature for 2 h. The plates were washed thrice with 0.1% PBST, and a goat anti-mouse IgG antibody conjugated to HRP was used as a secondary antibody. Plates were incubated at 37°C for 1 h and then washed thrice with 0.1% PBST. The HRP substrate o-phenylenediamine dihydrochloride was used, and plates were read at 450 nm. A control IgG (an anti-ankyrin MAb, ANK) was used as a negative control, and MAb 12D1, a previously identified pan-H3 MAb, was used as a positive control. A nonlinear curved was generated with GraphPad Prism 4.0.
FIG 2
MAb 9H10 also binds to H10 HA but not to other group 2 or group 1 HAs. ELISA plates were coated with purified HA from other group 2 HAs (A to E) and group 1 HAs (F to H) as described previously. MAb 9H10 was used at a starting concentration of 100 g/ml. An anti-histidine polyclonal (His) antibody and control IgG (ANK) were used as positive and negative controls, respectively. A standard ELISA protocol was followed as described above.
Arg25Met, Thr32Glu, Gln34Arg, and Gln34Thr on the HA2 subunit (Table 1 ). Other HA2 variants that severely weakened the interaction had point mutations at Thr32Arg and Gly33Glu (Table 1). These residues are located on the HA stem on the ␤-sheet of HA2 preceding the short ␣-helix ( Fig. 5A ). Among these residues, the identity of position 34 appears to separate binders (Gln34) from nonbinders (Thr34), just as for CR8043 (22) . Accordingly, Thr34 is highly conserved in the H4, H7, H14, and H15 subtypes, likely accounting for the inability of MAbs 9H10 and CR8043 to target these subtypes. Although antibodies 9H10, CR8020, and CR8043 appear to share an overlapping epitope on the HA, as determined by comparison of the 9H10 EM reconstruction here to previous EM and crystal structures of CR8020 and CR8043 (22, 23) , their sensitivities to mutations are distinct, which may be explained by their slightly different approach angles to the HA (Fig. 5B) .
Generation of in vitro escape mutants against MAb 9H10. The generation of escape mutants allows for the identification of amino acid residues that are critical in the formation of an antibody epitope. We generated escape mutants of two divergent H3 viruses: Scot/74 and Vic/11. Each virus was passed in MDCK cells 10 times in the presence of MAb 9H10, and the escape mutants were plaque purified. The sequences of the HA segments of plaque-purified viruses reveal point mutations in the HA2 domain: one was found in Scot/74 (Arg25Met), while two were found in Vic/11 (Asp19Asn and Thr107Ala) (Fig. 6A) . The wild-type and mutant HA segments were subcloned into an expression vector, and binding of MAbs was assessed by immunofluorescence in transfected 293T cells. A point mutation at position Arg25Met on the Scot/74 HA2 (emScot/74) resulted in loss of binding to MAb 9H10 ( Fig. 6A and B) . Similarly, we observed that residue changes at positions Asp19Asn/ Thr107Ala on the Vic/11 HA (emVic/11) ablated binding of MAb 9H10 (Fig. 6B) . A previously reported stalk human MAb, CR8020, also did not bind to the emVic/11 HA, which possesses the Asp19Asn/Thr107Ala point mutations (Fig. 6B) (23) . MAb CR8020, however, was still able to bind to the emScot/74 HA (Arg25Met), albeit with lower efficacy. A stalk antibody, 6F12 (27) , against group 1 HAs that was used as a control IgG did not bind to any of the group 2 HAs.
Mechanisms of inhibition. The influenza virus genome enters the host cytoplasm through an HA-mediated membrane fusion process. Acidification of the endosome causes a conformational change of the HA, which allows for the fusion of the viral and endosomal membranes. Stalk antibodies are thought to bind and lock the HA in its prefusion conformation to prevent the HA from undergoing drastic conformational changes during acidification (23, 27) . To reinforce the interpretations of the EM data ( Fig. 5 ), we further examined how MAb 9H10 bound to the HA in its prefusion native conformation by assessing the pH dependence of HK/68 virus binding by ELISA. MAb 9H10 maintained binding when the HK/68 HA was presubjected to pH 7.0 to 5.0 but appreciably lost ability to bind to HA preexposed to pH 4.2 and 4.0 (Fig. 7A) . In contrast, binding of the anti-head MAb XY102 remained the same irrespective of the exposure of the HA to a wide range of pH values (Fig.  7B) . We therefore conclude that the epitope of MAb 9H10 is present in the prefusion conformation of HA at neutral pH but is gradually ablated as the pH is decreased.
We subsequently wanted to assess whether binding to the native prefusion conformation of HA would prevent fusion in an in vitro assay. Turkey red blood cells (RBCs) and Perth/09 virus were initially preincubated with serial dilutions (100 to 4 g/ml) of MAb and then exposed to a low-pH buffer (pH 5). Fusion was determined by measuring the release of NADPH through RBC lysis. We observed that MAb 9H10 inhibited RBC lysis in a dosedependent manner, with no inhibition of RBC lysis in the IgG and null MAb controls (Fig. 7C ). Lastly, we wanted to determine whether a stalk MAb has any effect on the late stage of the viral replication cycle. MDCK cells were initially infected with an MOI of 5 and, at 4 hpi, MAb 9H10 or control IgG (ANK) was added to the cultures. At 8 hpi, the supernatants were harvested, and the virus titer as measured by a hemagglutination assay was performed. At 100 g/ml, MAb 9H10 prevented detectable nascent virus in the supernatants of H3-infected cells. Decreasing the amount of MAb 9H10 to 20 and 4 g/ml increased the virus titers to 1 and 32 hemagglutination units (HAU), respectively (Fig. 7D) . The control IgG (ANK) and null antibody groups did not prevent viral egress, and both had virus titers of 128 HAU at 8 hpi. As expected, MAb 9H10 did not prevent viral egress of an H5 (rVN/04) virus since all groups (MAb 9H10, control IgG, and null MAb) gave virus titers of 64 HAU (Fig. 7E) . We thus conclude that MAb 9H10 can prevent viral egress of an H3 virus in a dose-dependent manner at 8 hpi when the antibody is added at 4 hpi.
MAb 9H10 has in vivo efficacy against two mouse-adapted H3 viruses in a preexposure regimen. We next assessed whether MAb 9H10 can protect mice from disease in a preexposure prophylaxis regimen against two mouse-adapted H3N2 viruses: X-31 and X-79. Groups of five mice were administered MAb 9H10, a control IgG (ANK) or 1ϫ PBS intraperitoneally 2 h before being challenged intranasally with five mLD 50 of either X-31 or X-79. Mice were weighed daily and sacrificed if they lost 25% of their original bodyweight. Mice pretreated with 5 to 15 mg/kg of MAb 9H10 transiently lost 5 to 10% of their body weight from 4 to 12 dpi when challenged with X-31 (Fig. 8A ), a reassortant virus that expresses the HA and NA of the pandemic strain A/Hong Kong/ 1/1968 (H3N2). Mice that received 1.67 mg/kg of MAb 9H10 lost the most weight, losing a little less than 20% of their body weight, while the mice from the 0.56 mg/kg group all succumbed to disease by day 8 postchallenge. As expected, mice treated with the control IgG (ANK) or PBS gradually lost weight starting from day 3 postchallenge and were eventually euthanized or succumbed to disease by days 7 and 8 postchallenge. Against X-79, a reassortant virus that expresses the HA and NA of Phil/82 (H3N2), pretreatment with MAb 9H10 provided mice that received 1.67 to 15 mg/kg of MAb 9H10 full protection against death. Mice that received 0.56 mg/kg were partially protected from death with a 50% survival rate (Fig. 8B) . A closer look at the mouse model showed that administration of MAb 9H10 significantly decreased viral lung titers by 1.5 and 4 logs against X-31 on days 3 and 6 postinfection, respectively (Fig. 8C) . Against X-79, MAb 9H10 decreased viral lung titers by 1.5 log units on day 3 postinfection to undetectable levels on day 6 postinfection compared to the IgG control group (ANK) (Fig. 8D) . We have thus demonstrated that the broad in vitro binding and neutralizing profile of MAb 9H10 also extends to the mouse model against two divergent mouse-adapted H3 viruses.
FIG 6
Binding analysis of escape mutants generated against two divergent H3N2 viruses. An escape mutant generated against Scot/74 (emScot/74) revealed one point mutation (R25M) in the HA2 domain, while an escape mutant against Vic/11 (emVic/11) had two point mutations (D19N and T107A). (A) An H3 HA monomer depicted using PyMOL shows the location of the point mutations found on emScot/74 HA (green) and emVic/11 HA (red), where HA1 is indicated in blue and the HA2 is indicated in yellow. The point mutation R25M (green) is located in the middle of the beta-sheet of the HA2 domain (yellow) of Scot/74 HA. The D19N (red) residue change is located at the elbow of the fusion peptide, while the T107A (red) resides in the middle of the long ␣-helix facing the short ␣-helix of HA2 (yellow) of Vic/11 HA. (B) 293T cells were transfected with wild-type or escape mutant HA and fixed at 24 h posttransfection. Reactivity was assessed by immunofluorescence using MAb 9H10 or MAb CR8020 (5 g/ml). Infected mouse serum was used as a positive control, and a pan-H1 stalk MAb, 6F12 (5 g/ml), was used as a negative control.
Postexposure administration of MAb 9H10 also protects mice from disease and death. To utilize a more stringent and realistic scenario, we first infected mice with five mLD 50 of either X-31 or X-79 and, at 2, 3, 4, and 5 days postchallenge, 20 mg/kg of MAb 9H10 or a control antibody (ANK) was then administered intraperitoneally. Mice were weighed daily and monitored for any clinical signs of disease. Administration of MAb 9H10 at 2 and 3 dpi provided 80% protection from mortality against X-31 but with at least 20% body weight loss. Moreover, treatment at 4 and 5 dpi did not prevent disease or death and was comparable to the control group (Fig. 9A ). However, MAb 9H10 provided better protection against X-79, similar to what was seen in the preexposure experiment. Treatment with MAb 9H10 at days 2 and 3 postchallenge provided 100% survival with a transient 10% weight loss, while treatment on day 4 postchallenge resulted in an 80% survival. Remarkably, the group treated at 5 days postchallenge resulted in a 20% survival, albeit with substantial weight loss.
DISCUSSION
The characterization of antibodies directed against the stalk domain of the influenza virus HA has yielded a wealth of information regarding the types of antibodies that can be elicited against influenza virus and the mechanisms by which this class of antibodies can inhibit viral replication (41) . Stalk-directed antibodies are notable in that all are reactive against divergent influenza viruses, with some antibodies exhibiting broadly neutralizing activity across several subtypes, phylogenetic groups, or genera.
In the present study, we generated a mouse MAb that has a broad binding profile against H3 and H10 HAs tested by ELISA, immunofluorescence, and BLI. The broad binding profiles observed positively correlated with broad neutralization, demonstrating that MAb 9H10 is a pan-H3 and an H10 neutralizing antibody. In the animal model, MAb 9H10 protects mice from two divergent mouse-adapted H3N2 viruses (X-31 and X-79) in a preexposure challenge regimen. Protection, however, was strain dependent: a dose of 1.67 mg/kg (33 g/animal) of MAb 9H10 provided 100% protection against X-31, whereas a dose as low as 0.56 mg/kg (11 g/animal) can still provide 50% protection against X-79. Of note, the in vivo IC 50 s of 9H10 against X-31 and X-79 were determined to be 3.9 and 1.6 mg/kg, respectively, which represents an ϳ2.4-fold difference. Interestingly, the IC 50 of MAb 9H10 against X-79 (0.23 g/ml) is ϳ6-fold better than against X-31 (1.49 g/ml) in a plaque reduction assay, a finding which is in agreement with the better protection against the X-79 challenge in vivo. Although there is a difference between the in vitro and in vivo IC 50 , our data suggest that our in vitro assay can predict the relative in vivo efficacy of an antibody. Furthermore, protection from weight loss and death is dependent upon viral clearance from the lungs. Mice treated with MAb 9H10 had a 10-fold smaller amount of virus at 3 dpi and an almost undetectable amount of virus in the lungs at 6 dpi compared to the control group. When ELISA plates and exposed to pH-buffered solutions (pH 7.0, 5.2, 5.0, 4.2, and 4.0). Stalk-specific MAb 9H10 (A) or head-specific XY102 (B) starting at 100 g/ml was used, and a standard ELISA was performed as previously described (27) . MAb 9H10 inhibits fusion of HA envelope and RBC membrane. (C) MAb 9H10 was incubated with Perth/09 virus on ice 30 min. Fusion was induced by exposure to a low pH (5.0) buffer at 37°C for 30 min, and hemolysis was measured based on the release of NADPH in the supernatant at 340 nm. MAb 9H10 inhibits the budding of nascent H3 virus at 8 hpi. MDCK cells were infected with HK/68 (H3) (D) or rVN/04 (H5) (E) with an MOI of 5. At 8 hpi, the supernatants were harvested, and the virus titer was assessed by using a hemagglutination assay. The control IgG used was ANK as in previous experiments. the antibody was administered after a lethal challenge, MAb 9H10 also provided better protection against X-79 compared to X-31. In fact, mice administered with MAb 9H10 4 and 5 days after X-79 challenge still gave partial protection (80 and 20%, respectively), albeit with greater weight loss when the MAB was administered at 2 and 3 dpi. Nonetheless, this result has great implications in the practical use of a MAb as an antiviral therapeutic. Studies have suggested that treatment with neuraminidase inhibitors such as zanamavir or oseltamivir exerts their optimum effects ϳ48 h after symptom onset in humans (42, 43) . The findings that MAb 9H10 and other stalk antibodies can minimize morbidity and mortality in mice when administered at up to 3 to 5 dpi has great possibilities. An influenza A virus particle is internalized into a host cell in a two-step process. Attachment of the HA via its sialic acid receptor allows the viral particle to be endocytosed where it is acidified within the endosome. Acidification induces a conformational change in the HA, facilitating the fusion of the viral and the endosomal membranes, thereby releasing the viral RNP into the cytoplasm. Unlike antibodies that target the globular head, which typically possess HAI activity, stalk antibodies do not prevent the binding interaction between HA and sialic acid. Instead, stalk antibodies are thought to stabilize the prefusion conformation of HA by binding and thus preventing the fusion of the viral and the endosomal membranes (44) (45) (46) . We observed that MAb 9H10 gradually lost binding affinity as the HA was preexposed to low pH. More importantly, we show that the binding of MAb 9H10 to HA is functionally significant by preventing HA from undergoing conformational change, as demonstrated in an RBC fusion assay. The result highlights a common characteristic among stalk antibodies in their ability to prevent the fusion of viral and endosomal compartments in the early stage of infection. In the late phase of infection, we demonstrated that MAb 9H10 could disrupt viral egress in a dose-dependent manner against H3, in contrast to what others have previously reported that suggest that stalk antibodies do not inhibit viral egress (47) . In our experimental condition, we added the MAb at 4 hpi to ensure that MAb 9H10 does not inhibit entry and measured viral egress after a one-step replication cycle (8 hpi). Examination of viral egress at 18 hpi or later time points, which is after several replication cycles, may confound the result and account for the different finding. A comparison of the EM reconstructions of group 2 stalk antibodies bound to the HA suggest that the binding footprint of MAb 9H10 is similar to that of MAbs CR8020 and CR8043. Moreover, a more detailed analysis reveals that MAbs CR8043 and 9H10 have a similar angle of approach to their respective epitopes (Fig. 5B ). In fact, the selection of the escape mutant generated against Scot/74 with MAb 9H10 is the same residue (Arg25Met) in the HA2 region as that generated with MAb CR8043 against HK/ 68. In contrast, MAb CR8020 still binds moderately to the Scot/74 escape mutant (Arg25Met), emphasizing differences in residues that are important for binding. It must be noted, however, that broadly neutralizing antibodies, such as MAb 9H10, may exert different pressures against other H3 strains. Thus, against a more recent H3 strain (Vic/11), antibody pressure selected for escape mutants that had two point mutations in the HA2 domain, Asp19Asn and Thr107Ala. A point mutation at Asp19Asn correlates with lower binding affinity and a loss of in vitro neutralization by MAb CR8020 as previously reported (23) . It is interesting, however, that the point mutation, Thr107Ala, is not found on the surface of the epitope and does not participate in direct binding with MAb 9H10. Rather, position Thr107 is located inside the core of the trimeric HA, facing the internal surface of the short ␣-helix.
As increasing numbers of broadly neutralizing stalk antibodies are described, a more exhaustive map of the location of conserved epitopes can be established. Structural analyses of several broadly neutralizing MAbs (e.g., CR6261 and F10) against group 1 (H1 and H5) subtypes show that binding is centered around the short ␣-helix of HA2 with some involvement of residues on the N-terminal portion of HA1 (15, 18) . Notably, the manner by which binding is achieved is dependent upon a conformationally intact prefusion HA trimer (28) . Examination of two group 2 binding MAbs, CR8020 and CR8043, revealed that the fusion peptide and the ␤-sheet are involved in the formation of the epitope located at the base of the stalk of HA2 (22, 23) . Thus, the epitope of group 2-specific antibodies CR8020 and CR8043 is markedly lower down the stalk domain compared to the epitopes of the group 1-specific antibodies CR6261 (18) and F10 (15) . An overall observation of the spatial relationship between the conserved epitopes of group 1 versus group 2 binders suggests that the conserved epitopes of group 1 subtypes are centered around a hydrophobic groove between helices in the middle of the HA stalk. The conserved epitopes of group 2 binders, on the other hand, have thus far been shown to be at the base of the HA stem. Here, we show that MAb 9H10 maps to a similar location on the HA2 as CR8020 and CR8043. Furthermore, structural analyses reveal that although CR8020, CR8043, and 9H10 all appear to have overlapping binding footprints on the base of the HA, there are subtle differences that result in different binding and neutralization profiles.
Postexposure experiments in the mouse model demonstrate that stalk antibodies can be used as potential antiviral therapeutics. More importantly, however, they are useful in highlighting prospective targets for broad-spectrum anti-influenza therapies and vaccines. In addition to seasonal influenza virus epidemics, it is evident from recent reports that outbreaks of variant H3N2 viruses and sporadic zoonotic transmissions of other group 2 viruses (e.g., H3N8, H10N8, and H7N9) are always a cause for concern (48) (49) (50) (51) . With these ever-present threats to public health, the discovery and characterization of conserved epitopes in influenza virus would allow for better design of therapeutics and vaccines that would afford broad coverage.
